I. INTRODUCTION
Recent years have seen exciting and dramatic progress in the development and application of computational physics methods for predicting drift wave microturbulence and transport in magnetically confined plasma experiments as is evident in the reviews by Tang   1   ,   Horton   2 and Burrell 3 . Validation of gyrokinetic-based models of drift wave turbulence is being sought via comparative simulations of high performance plasma experiments for new understanding of transport. Such massively parallel, nonlinear, fully electromagnetic, nonadiabatic, gyrokinetic calculations are in the initial stages of application toward experimentally validated, global, nonlocal, first principles calculations of plasma transport.
When internal barriers to plasma particle and energy transport develop, high energy plasma is well confined, a necessary step toward economical fusion reactors. In this paper plasma conditions just before an internal transport barrier (ITB) is established on Alcator CMod 4 are analysed using the GS2 5, 6 gyrokinetic code. Because C-Mod is a toroidal magnetic confinement device with high toroidal field, high plasma density, and radio frequency (RF) heating, its transport characteristics are of special interest, being relevant to fusion reactor scenarios 7 . The linear 8 and nonlinear 9 simulations predict, just before ITB formation (at the "trigger time"), that plasma drift wave turbulence is suppressed in the plasma core, is quiescent where the ITB will form, and of classic ion temperature gradient character outside this region.
Unlike ITBs on other magnetically confined fusion devices, this ITB is found to occur without either weak or reversed magnetic shear, and without strong plasma velocity shear [10] [11] [12] , the source of the usual ExB shear suppression of linear drift wave turbulence [13] [14] [15] .
We describe the experiment and physics analysis in Sec. II. In Sec. III are the microstability analysis results along with discussion of the gyrokinetic simulation approach, and 4 comparison of simulated fluxes to those from transport analysis. A summary and conclusions are given in Sec. IV. give <Z eff >~1.64. Plasma central beta is less than 1%. Toroidal rotation is found to reverse sign as the barrier is established.
II. THE EXPERIMENT: INTERNAL TRANSPORT BARRIER IN ALCATOR C-MOD RF H-MODE
The ITB exhibits steep, spontaneous density peaking, a reduction in particle transport occurring without a central particle source. The ITB development occurs in the early phase of a dual frequency RF experiment, which shows density control with central RF heating later in the discharge. Figure 2 is a plot of time slices of the radial profiles of the plasma electron density.
We are interested in examining the "trigger time", 0.9 sec, just before the ITB is established, to identify the plasma conditions conducive to ITB formation. For this ICRF EDA H-Mode, the minority resonance is at r/a~0.5 on the high field side, beginning at 0.7 secs. EDA refers to edge D a radiation, which is high for high performance H-modes at high densities and temperatures.
Since the central temperature is maintained while the central density is increasing, this also suggests that a thermal transport barrier exists 10 , in addition to the barrier to particle transport 5 evident in Fig. 2 . Sawtooth heat pulse propagation experiments 11 show that the ITB is limited to a very localized region (Fig 3. ).
The experiment has been analysed with the TRANSP code 16 , including a sawtooth model which causes the safety factor, q, to drop below unity by ~ 10% at each sawtooth. The TRANSP results were processed with GS2_PREP 17 for GS2 input, averaging over 50 ms at the time of interest. As the sawtooth period is 10 ms, a sawtooth-averaged condition is used for the simulations. The key input variables for each radius simulated are found in Table I . The plasma had a normal shear profile, with q monotonic. Error in the experimental measurements of all data is estimated to be on the order of 10-20%.
The impurity and minority ions at the "trigger" time are estimated to be 3% boron and 4% hydrogen. The walls of C-Mod are molybdenum, regularly coated with boron (from D 2 B 6 boronization) for edge density control. Examination of bolometer profiles indicates molybdenum levels < 0.1%. The low Z impurity level is estimated at 3% from visible bremsstrahlung measurements, yielding Z eff . The impurity ion is identified as boron, although the low Z impurities may be actually 2% boron and 1% carbon. Boron and carbon are so similar in collisional properties that only boron impurity ions are included in the simulations. No oxygen is thought to have been present. The hydrogen to deuterium ratio, 4% at the trigger time, was obtained from spectroscopic measurements of D a and H a radiation.
Radio frequency heating of the hydrogen minority causes the hydrogen temperature (T h =2E h /3k) to be peaked around the half radius 18 , with a less radially peaked hydrogen density profile. The ion distribution function is not thought to have a high energy RF tail, due to the high density and collisionality. E¥B shearing rates can be estimated from measurements of toroidal 6 rotation but at the time of interest, the toroidal rotation is near zero, changing from co to counter rotation as the ITB is established.
Electron temperature data for the TRANSP analysis was taken from Thomson scattering as the electron cyclotron emission (ECE) signal is cut off during the ITB because of rising high electron density. The density profile data was obtained from inverted visible bremstrahlung measurements, adjusted for the Z eff and temperature dependence. The plasma ion temperature profile in TRANSP was calculated on the basis of neutron data and the assumption that c i is proportional to c i
Chang-Hinton
. This leads to T i (r) being broader, and slightly lower than T e (r).
While the high density of C-Mod suggests that T i =T e would be a good assumption in the plasma core, the data are consistent with either ion thermal loss model.
III. GYROKINETIC SIMULATIONS

A. GS2 microstability code
The transport of particles and energy in high temperature fusion plasmas is widely believed to result from the turbulence of low frequency drift wave fluctuations. A complete, theory-based calculation of such microturbulence throughout the experimental plasma volume is not presently feasible. In this paper, results from drift wave microturbulence stability simulations along single flux tubes are reported, to test the concept for a specific experiment.
The calculations were carried out with the GS2 gyrokinetic microinstability code 5, 6 , which is based on the electromagnetic nonlinear gyrokinetic equation [19] [20] [21] [22] [23] . This equation describes the evolution of fluctuations which satisfy † [24] [25] [26] . In such coordinates, the nonlinear gyrokinetic equation may be written as †
Here the distribution function 
where m= mv^2/(2B) and the fields are represented by † 
The Bessel functions J 0 and J 1 arise because equations 5-7 are formulated in particle space x, rather than in gyrocenter space R. We retain the Debye-shielding term † GS2 is a nonlinear generalization of a widely used gyrokinetic stability code 5 . An operator splitting scheme is use, so that the linear terms, including equations 5-7, may be treated 
Here (r,q,z) are the usual radial, poloidal angle and toroidal angle coordinates. To illustrate the highly nonlinear nature of the drift wave microstability calculation, the linearized gyrokinetic equation, using the "s-a" MHD equilibrium is written
where
In general, driving forces for the microturbulence arise from temperature and density gradients in w *s , mediated by the effects of passing ions and of trapped electrons. Stabilization of turbulence is achieved through high values of shear, q, b¢, impurities, collisional effects, and
nonzero T e . The competition among many driving and stabilizing forces mandates computational methods to analyse a particular experimental situation.
B. SIMULATION PARAMETERS AND RESULTS
We examine only the time just before the ITB is established, and the plasma density peaking begins. Three zones characteristic of the experimental conditions are simulated ( Fig. 2 ):
the plasma core at ~0.25r/a, the region where the ITB occurs at ~0.45r/a and outside the ITB at 0.65r/a. The calculations were carried out at the USDOE NERSC Cray T3E and IBM RS/6000SP computers using a total of ~50,000 hours, with runs typically making use of 40-256 parallel processors.
Linear simulations
The linear simulations are fully electromagnetic, include the nonadiabatic electron response, and four plasma species: electrons, deuterium, boron impurity and fast hydrogen ions.
They covered the full range of drift mode wavevectors, including ion temperature gradient mode The sensitivity of the microturbulent stability in the ITB region has been examined through the response of the calculated real frequencies and growth rates to variation of specific driving forces across the plasma. Figure 6 shows the radial variation of the dimensionless drift mode driving and stabilizing parameters for the experiment at the trigger time. We find that h i increases as r/a increases, as does the normalized electron temperature gradient. These and the increasing inverse gradient for the primary impurity, boron (3%), are consistent with stabilized ITG-TEM in the core. Removal of the boron impurity, while maintaining charge neutrality with For the C-Mod ITB trigger time, we find the growth rates in the barrier region are more strongly elevated (factor 25) by doubling -T/T than by reducing -n/n by two. The measured dimensionless, normalized temperature and density gradients are 2.0 and 0.6 (Table I) . Critical temperature gradients have been examined (Fig. 7) and show that in the barrier region at the trigger time, the plasma is far above destabilization through reduced density gradients, (a-n e /n e ) c~0 .35, but is very close to marginal stability considering only increased temperature gradients, (a-T e /T e ) c~2 . Stability of the ITG-TEM mode is accomplished by being far above the critical density gradient, although the plasma appears to be still in H-mode (Fig. 2) .
Nonlinear Simulations
Nonlinear electrostatic simulations were carried out for the three zones, under the same initial conditions. For this low beta experiment, there should be no difference in the computed results, but electrostatic calculations are more efficient, and required 1/3 the computational cost of the corresponding nonlinear electromagnetic calculations.
Just as the linear calculations show stable long wavelength turbulence at the ITB region, without invoking suppression by E¥B shear at the trigger time, the nonlinear simulations of the C-Mod plasma also show quiescent microturbulence in the ITG-TEM range of frequencies in the barrier region, just before ITB formation (Fig. 8) . The simulations use four values of k^ and 23
values of k r . In the plasma core, weak turbulence is predicted, with saturation occurring along with the development of a 77 kHz Geodesic Acoustic Mode (GAM) (see Fig. 8 ). A high frequency core mode at 80 kHz for a similar C-Mod experiment has been found with ECE
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.
The simulated mode is a stable mode of the plasma, excited as a damped computational mode.
The GAM depends only on the device size and the plasma temperature. In the experiment such a stable mode may be driven unstable by RF heating. The only well resolved linearly unstable mode in this frequency range in the simulations is an ITG-TEM mode at about 50 kHz, outside the ITB region.
In Figs 9-11 are shown the results for the nonlinear evolution of the plasma quasineutrality, (n e -n d -5n b -n h )/n e , and for the particle and heat fluxes of the electron, deuterium and boron ion species. We find that the quasineutrality in the plasma core is maintained to less than 1%, to much less than 1% in the barrier region, and to about 1% outside the barrier. In the plasma core, the particle flux is outward, with electron and deuterium fluxes of similar magnitude, and the heat flux is also outward, with the electron heat flux being greater than the deuterium heat flux. In the barrier region, before formation, the particle flux from electrons and deuterium is inward, with electron and deuterium fluxes of similar magnitude, while the heat flux is outward, with the deuterium heat flux being greater (~3x) than the electron heat flux. Outside the ITB region, the particle flux is inward, with electron flux ~30% greater than the deuterium flux; the heat flux is outward, with the deuterium heat flux being much larger (~5x) than the 14 electron heat flux. The boron carries negligible particle and heat flux. Bursting behavior is evident in the fluctuating microturbulence. Similar results have been found by Ernst, et al. 29 .
In Table II are the particle and heat fluxes from the gyrokinetic calculations and from the TRANSP experimental analysis. Although this is not a steady state experimental condition, the correlation time of the fluctuations will be of the order of microseconds, much shorter than the time scale of the changing plasma (msec), and it is worthwhile to compare the fluxes in Table II . 
C. Discussion
The gyrokinetic model calculations show that just before ITB formation, conditions have already been established for which a peaked density profile will occur and be sustained. The
Ware pinch provides sufficient fueling to account for a sustained ITB peaked density profile 18 .
Since we find no strong drift wave instabilities at the ITB region, microturbulent driving forces are not strong enough to provide the usual anomalous transport across the barrier region.
Outside the core plasma, ITG-TEM and ETG drift modes are linearly unstable.
Identification of the driving forces responsible for drift wave microstability in the barrier region before the ITB appears, was explored by examining the effects of increased gradients for the electron, ion, impurity density and temperatures as well as magnetic shear. It is found that increases in the normalized electron temperature gradient caused the largest destabilization of the ITG-TEM mode in the barrier region at the trigger time. Linear sensitivity studies show that increased normalized temperature gradients and reduced normalized density gradients as well as increased plasma safety factor at the ITB location, would destabilize the ITG-TEM mode frequencies and would likely prevent ITB formation.
This suggests that the ITB is triggered by reduction in the normalized electron temperature gradient driving force for the ITG-TEM and ETG microstability when off-axis RF heats the plasma locally. This would explain the observation of ITB with off-axis but not on-axis RF, as due to weaker (-T e )/T e at the barrier region. The C-Mod ITB studied here formed spontaneously, during an off-axis RF-heated H-mode. This occurs during the EDA H-mode, characterized by edge D a radiation, but not during the elm-free H-mode, which occurs at lower plasma density. Microstability analysis for the elm-free H-mode, which does not lead to an ITB with similar off-axis RF heating, as well as for the trigger time of the spontaneously occurring ohmic H-mode ITB 10 will be important to contrast to this case, to clarify the ITB formation process. Weaker (-T e )/T e at the barrier region does not occur at the trigger time in the ohmic Hmode. Because there are so many driving forces, which can nonlinearly affect drift wave microstability, it would not be surprising to find that different processes are responsible for ITB formation in different experimental scenarios.
We find that microturbulence is suppressed in the ITB region without recourse to velocity or magnetic shear turbulence suppression, consistent with experimental measurements and transport analysis. Nonlinear calculations also show greatly reduced microturbulence at the location for formation of the barrier, before indications of changes in temperature and density are apparent. Higher transport outside and within the ITB region is found from both simulations and experimental analysis.
IV. CONCLUSION
The ITB during off-axis RF heating on C-Mod has been examined with gyrokinetic 
